Neuropeptide Y (NPY) stimulates feeding and weight gain, but deletion of the NPY gene does not affect food intake and body weight in mice bred on a mixed genetic background. We reasoned that the orexigenic action of NPY would be evident in C57Bl/6J mice susceptible to obesity. NPY deficiency has no significant effect in mice fed a normal rodent diet. However, energy expenditure is elevated during fasting, and hyperphagia and weight gain are blunted during refeeding. Expression of agouti-related peptide (AGRP) in the hypothalamus is increased in NPY knockout (NPYko) than wild-type mice, but unlike wild type there is no further increase in AGRP when NPYko mice are fasted. Moreover, NPYko mice have higher oxygen consumption and uncoupling protein-1 expression in brown adipose tissue during fasting. The failure of an increase in orexigenic peptides and higher thermogenesis may contribute to attenuation of weight gain when NPYko mice are refed. C57Bl/6J mice lacking NPY are also less susceptible to diet-induced obesity (DIO) as a result of reduced feeding and increased energy expenditure. The resistance to DIO in NPYko mice is associated with a reduction in nocturnal feeding and increased expression of anorexigenic hypothalamic peptides. Insulin, leptin, and triglyceride levels increase with adiposity in both wild-type and NPYko mice. Diabetes 55:3091-3098, 2006 E nergy balance involves a complex interaction between hormones, such as leptin, insulin, and glucocorticoids, and key neurons in the hypothalamus, brainstem, and other areas of the central nervous system (1). Neuropeptide Y (NPY) is expressed in the hypothalamus, stimulates food intake, decreases energy expenditure, and increases body weight when administered in the brain (1). Consistent with its role as an orexigenic peptide, hypothalamic NPY expression is increased during fasting and hypoglycemia and suppressed by feeding, leptin, and insulin (1). Despite the strong pharmacological evidence supporting its role in energy balance, genetic disruption of NPY did not affect feeding or body weight in mice bred on a mixed 129J-C57Bl/6J background (2). Paradoxically, deletion of NPY or the Y1 and Y5 receptors that mediate effects of NPY on energy balance resulted in mild obesity (3-6). Nonetheless, loss of NPY attenuated hyperphagia and obesity in Lep ob/ob mice (7). Others have also shown that NPY deficiency decreases hyperphagia after fasting and hypoglycemia (8 -10). Furthermore, deletion of NPY Y2/Y4 receptors prevents diet-induced obesity (DIO) (11).
weight when administered in the brain (1) . Consistent with its role as an orexigenic peptide, hypothalamic NPY expression is increased during fasting and hypoglycemia and suppressed by feeding, leptin, and insulin (1) . Despite the strong pharmacological evidence supporting its role in energy balance, genetic disruption of NPY did not affect feeding or body weight in mice bred on a mixed 129J-C57Bl/6J background (2) . Paradoxically, deletion of NPY or the Y1 and Y5 receptors that mediate effects of NPY on energy balance resulted in mild obesity (3) (4) (5) (6) . Nonetheless, loss of NPY attenuated hyperphagia and obesity in Lep ob/ob mice (7) . Others have also shown that NPY deficiency decreases hyperphagia after fasting and hypoglycemia (8 -10) . Furthermore, deletion of NPY Y2/Y4 receptors prevents diet-induced obesity (DIO) (11) .
We reasoned that the controversies surrounding the actions of NPY in these genetic models are partly due to the use of the 129 mouse strain, which is resistant to obesity (12) . The seemingly normal phenotype of NPYdeficient mice could also result from compensatory developmental changes. For example, ablation of hypothalamic neurons expressing NPY/AGRP did not alter feeding in neonatal mice, whereas ablation in adults caused starvation (13, 14) . AGRP is coexpressed with NPY in the arcuate nucleus, and both peptides stimulate feeding and weight gain (1, 15) . It is possible that AGRP is increased when NPY is lacking, thus maintaining the ability to feed. Alternatively, anorexigenic peptides, e.g., proopiomelanocortin (POMC) and cocaine-and amphetamine-regulated transcript (CART), may be decreased in NPY-deficient mice, thereby preventing weight loss. We hypothesized that the importance of NPY in energy homeostasis would be evident in C57Bl/6J mice prone to obesity (12, 14) .
RESEARCH DESIGN AND METHODS
The studies were conducted in accordance with guidelines and regulations of the University of Pennsylvania Animal Care and Use Committee. Breeder Npy ϩ/Ϫ mice on a mixed 129SvEv-C57Bl/6J background were provided by Richard Palmiter (University of Washington, Seattle, WA) and were backcrossed for 10 generations onto the C57BL/6J background (The Jackson Laboratories, Bar Harbor, ME). Heterozygotes were then bred to each other to generate NPYko mice and wild-type controls (2, 3) . The genotypes were confirmed by PCR as previously described (3) . The mice were weaned at 3 weeks, housed five per cage at 22°C with 12 h light-dark cycles (lights on at 0600), and fed a rodent diet containing 4.5% fat, 49.9% carbohydrate, 23.4% protein, 4 kcal/g (Labdiet no. 5001; Labdiet, Richmond, IN) (16) . Fasting and refeeding studies. Mice aged 10 weeks were housed singly in calorimeter cages and habituated for 3 days. Body weight was measured, a preweighed amount of food was introduced at 0900, and oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ) were measured at 15-min intervals using the following parameters: air flow 0.5 l, sample 0.4 l, settle time 120 s, and measuring time 60 s (Oxymax EqualFlow System; Columbus Instruments, Columbus, OH) (16, 17) . The mice were fed ad libitum for 48 h or deprived of food for 48 h or refed for 48 h. Indirect calorimetry was performed throughout, except when food was removed or replaced. Locomotor activity was assessed simultaneously using photobeams (Optovarimex; Columbus Instruments). NPYko and wild-type mice fed, fasted, or refed as described were killed; blood was obtained via cardiac puncture, and brown adipose tissue (BAT) and hypothalami were rapidly excised, frozen in liquid nitrogen, and stored at Ϫ80°C. Cold tolerance. Rectal temperature was measured at room temperature (time 0) in 10-week-old wild-type and NPYko male mice using a thermistor (YSI Model 4600) (16) , after which the mice were housed at 4°C for 6 h. In situ hybridization. NPYko and wild-type mice were anesthetized with sodium pentobarbital at 0900 -1100 and perfused transcardially with diethyl pyrocarbonate-treated PBS followed by 10% neutral buffered formalin. The brains were excised, postfixed overnight, and cryoprotected in sucrose. NPY, AGRP, POMC, melanin-concentrating hormone (MCH), and corticotropinreleasing hormone (CRH) mRNA expression were detected on coronal sections (20 m) using specific riboprobes as described (18, 19 (16) . Body weight was measured weekly. Food intake and body composition (dualemission X-ray absorptiometry) and energy expenditure were measured at 4, 8, and 16 weeks (16, 20) . Feeding frequency (beam breaks) was assessed using the Vitalview System (Minimitter, Bend, OR). Diets were supplied in feeders equipped with photobeams, and feeding activity was analyzed using Actiview software (www.minimitter.com/Products/VitalView/index.html). The mice were killed at 0900 -1200 the following day, blood was drawn via cardiac puncture, and hypothalami were harvested. Tissue chemistry. Serum glucose, triglyceride, cholesterol, and nonesterified fatty acid levels were measured using colorimetric assays (Stanbio, Boerne, TX; Wako Chemicals, Richmond, VA) (16, 17, 21) . Insulin and leptin were measured by enzyme-linked immunosorbent assay (CrystalChem, Chicago, IL). Corticosterone and thyroxine were measured by radioimmunoassay (16, 17, 21) . Expression of uncoupling protein (UCP)-1 mRNA level in BAT was measured by Northern blot (17) . Hypothalamic neuropeptide mRNA levels were measured using real-time PCR and normalized to ribosomal phosphoprotein (16, 17) . Statistics. Effects of NPY deficiency on various parameters were analyzed by ANOVA and Fisher's protected least significant difference (PSLD) test. Regression analysis was performed on continuous variables. A P value Ͻ0.05 was considered significant.
FIG. 1. Body weight and fat in male (A and B) and female (C and D) wild-type (WT; f) and NPYko (Ⅺ) mice fed normal chow (NC) or high-fat (HF) diets. Effects of fasting and refeeding on weight (E) and food intake (F)
. Data are means ؎ SE; n ‫؍‬ 6 -8. *P < 0.001 vs. wild type.
NPY AND DIET-INDUCED OBESITY

RESULTS
NPY deficiency disrupts metabolic responses to fasting. NPYko and wild-type littermates were born at the expected Mendelian frequencies (2,3). We did not observe spontaneous seizures in C57Bl/6J-NPYko mice in contrast to the original NPYko on the 129/C57Bl/6J strain (2). On normal chow diet, male and female NPYko grew at a normal rate, and the fat content was similar to wild type (Fig. 1A-D) . We subjected wild-type and NPYko mice to fasting. Body weight decreased by 15% in wild-type mice after fasting and was associated with hyperphagia and rapid recovery of weight during refeeding ( Fig. 1E and F) . NPYko mice lost more weight than wild-type mice during fasting and exhibited blunting of hyperphagia and weight recovery during refeeding (Fig. 1E and F) . Diurnal oxygen consumption (VO 2 ) was lower than nocturnal in both wild-type and NPYko mice ( Fig. 2A) . VO 2 fell significantly by 40 -50% (P Ͻ 0.0001) in fasted wild-type mice and was restored after refeeding ( Fig. 2A-C) . The fall in VO 2 in wild-type mice corresponded to a drastic reduction in BAT UCP-1 expression (Fig. 2D) . In contrast to wild-type mice, VO 2 remained elevated in fasted and refed NPYko mice ( Fig. 2A-C) . Moreover, BAT UCP-1 expression did not fall in fasted NPYko mice (Fig.  2E) . In contrast, wild-type and NPYko mice both maintained body temperature during cold exposure (Fig. 2F) . NPY deficiency did not affect locomotor activity during fasting or refeeding (data not shown). As was the case in wild-type mice, glucose, insulin, leptin, thyroxine, and triglyceride levels fell and corticosterone increased in fasted NPYko mice (Table 1) . These changes were reversed after refeeding (Table 1) .
We determined whether NPY deficiency would affect the Data are means Ϯ SE. Ten-week-old male wild-type and NPYko mice were fed ad libitum and were fasted for 48 h or fasted for 48 h and then refed for 48 h. They were euthanized at 0900 -1200. *P Ͻ 0.05 compared with fasted mice; †P Ͻ 0.05 compared with fed mice.
levels of hypothalamic neuropeptides implicated in energy homeostasis (1). Expression of AGRP was confined to the arcuate nucleus in both wild-type and NPYko mice ( Fig.  3A and B) . However, AGRP mRNA levels were two times higher in NPYko than wild-type mice (Fig. 3A-D) . AGRP was increased by fasting and suppressed by refeeding in wild-type mice (Fig. 3C ). In contrast, there were no obvious changes in AGRP mRNA levels during fasting or refeeding in NPYko mice (Fig. 3D) . The distributions of POMC, CRH, and MCH were not altered by NPY deficiency (data not shown). POMC expression fell in response to fasting in both wild-type and NPYko mice and increased after refeeding (Fig. 3E and F) . MCH increased and CART decreased in fasted wild-type and NPYko mice, and these changes were reversed by refeeding (data not shown). NPY deficiency attenuates DIO in C57Bl/6J mice. Male and female NPYko mice showed significant reductions of body weight and fat content on a high-fat diet (Fig.  1A-D) . Body weight was significantly lower in high-fat male NPYko mice by 12 weeks and female NPYko mice by 16 weeks compared with high-fat wild-type mice (P Ͻ 0.001). Body fat was 25% lower in male NPYko mice and 15% lower in female NPYko mice (Fig. 1B and D) . Daily consumption of normal chow diet was similar in wild-type and NPYko mice (Fig. 4A) . In contrast, high-fat intake was markedly reduced in NPYko mice (Fig. 4B) . Moreover, feeding frequency was attenuated at night in high-fat NPYko mice ( Fig. 4C and D) . The light-to-dark feeding ratio was 0.67 Ϯ 0.1 in high-fat NPYko mice compared with 0.28 Ϯ 0.06 in high-fat wild-type mice (P Ͻ 0.0001). VO 2 was also higher in high-fat NPYko mice (3,778 Ϯ 66 ml ⅐ kg Ϫ1 ⅐ h Ϫ1 ) than high-fat wild-type mice (3,415 Ϯ 48 ml ⅐ kg Ϫ1 ⅐ h Ϫ1 ) (P Ͻ 0.05). Hypothalamic AGRP mRNA levels were higher in NPYko than wild-type mice on normal chow and high-fat diets (P Ͻ 0.0001) (Fig. 5A ). POMC and CRH levels were similar in normal chow wild-type and NPYko mice but increased markedly when NPYko mice were switched to a high-fat diet (Fig. 5B and C) (P Ͻ 0.0001). Figures 5D-F show the relationships between body fat and hypothalamic neuropeptide expression. AGRP was inversely related to fat in both genotypes, but this was not significant (wild type r ϭ Ϫ0.149, P ϭ 0.595; NPYko r ϭ Ϫ0.269, P ϭ 0.351) (Fig. 5D ). POMC decreased with adiposity in wildtype (r ϭ Ϫ0.536, P ϭ 0.039) but increased in NPYko (r ϭ 0.559, P ϭ 0.037) mice (Fig. 5E) . CRH did not change with adiposity in wild-type (r ϭ 0.115, P ϭ 0.682) but increased in NPYko (r ϭ 0.552, P ϭ 0.04) mice (Fig. 5F ). Expression of MC4 receptor, CART, and MCH did not change with adiposity in wild-type or NPYko mice (data not shown).
Serum levels of glucose (wild type r ϭ 0.744, P ϭ 0.0014; NPYko r ϭ 0.712, P ϭ 0.004), insulin (wild type r ϭ 0.865, P Ͻ 0.0001; NPYko r ϭ 0.813, P ϭ 0.0004), leptin (wild type r ϭ 0.866, P Ͻ 0.0001; NPYko r ϭ 0.8977, P Ͻ 0.0001), and triglyceride (wild type r ϭ 0.902, P Ͻ 0.0001; NPYko r ϭ 0.902, P Ͻ 0.0001) levels increased in relation to body fat (Fig. 6A-D) , whereas thyroxine and corticosterone were not affected by body fat (data not shown).
DISCUSSION
Here, we report that ablation of NPY attenuates the hyperphagic and thermoregulatory responses to fasting and DIO in C57Bl/6J mice. Disruption of the fasting response in NPYko mice supports previous studies carried out in 129 and C57Bl/6J mice (3, 8, 9) . We found that C57Bl/6J-NPYko showed greater weight loss during fasting and slower weight recovery during refeeding. Hyperphagia and reduction in energy expenditure typical of fasting were both attenuated by NPY deficiency. In contrast to wild-type C57Bl/6J mice, VO 2 level remained elevated in fasted NPYko mice and closely paralleled an increase in BAT UCP-1 expression. Interestingly, NPY deficiency did not affect body temperature during cold exposure, suggesting that NPY plays a critical role in the thermoregulatory response to fasting but not cold stress.
We examined hypothalamic neuropeptides that mediate energy balance to determine whether ablation of the NPY gene would alter their distribution and levels of expression (1) . AGRP is normally coexpressed with NPY in the arcuate nucleus and acts as an endogenous antagonist of ␣-melanocyte stimulating hormone in the paraventricular nucleus (PVN), leading to stimulation of food intake, reduced thermogenesis, and weight increase (1) . Arcuate NPY and AGRP neurons increase PVN expression of CRH and thyrotropin-releasing hormone, which are well known to inhibit appetite, stimulate thermogenesis, and decrease weight (1) . An unsual characteristic of AGRP is that it has a prolonged stimulatory effect on food intake, possibly by interacting with syndecans (22, 23) . AGRP and NPY are both induced by fasting and mediate hyperphagia (1) . POMC (a precursor of ␣-melanocyte-stimulating hormone) and CART are coexpressed in a separate population of neurons in the arcuate nucleus and act in the PVN and lateral hypothalamus to inhibit feeding, increase energy expenditure, and reduce weight (1). Leptin and insulin exert their anorexigenic actions partly by suppressing NPY/AGRP and increasing POMC/CART (1, 24) . Although POMC or CART ablation in mice produced the expected obese phenotype (19, 25, 26) , earlier studies did not reveal significant effects of NPY and AGRP ablation on feeding or weight (2, 27) . However, recent studies have demonstrated crucial roles for NPY and AGRP (13, 14) . Ablation of NPY/AGRP had minimal effect on feeding in neonatal mice, whereas ablation of the same neurons caused severe starvation in adults (13, 14) . These results suggest that other neuronal networks may compensate for lack of NPY/AGRP in maintaining energy balance during early development but not in adults (13, 14) .
Ablation of a neuropeptide may alter the expression of other neuropeptides, as shown by an increase in NPY expression in the dorsomedial nucleus when the MC4 receptor is disrupted (28) . We found that AGRP expression was restricted to the arcuate nucleus, but the levels were significantly increased in NPYko mice, suggesting a developmental compensation for NPY deficiency. On the other hand, the distributions and levels of POMC, CRH, and MCH were not altered in NPYko mice. Thus, we propose that the seemingly normal weight of NPYko mice under ad libitum-fed conditions is due at least in part to the orexigenic action of AGRP. However, AGRP failed to increase further during fasting in NPYko mice, which may explain why the postfast hyperphagia and weight recovery were attenuated in NPYko mice.
It was previously reported that female C57Bl/6J-NPYko mice developed a late-onset obesity on a normal chow diet (3) . In contrast, we found no increase in weight in male or female NPYko mice. The reason for this discrepancy is unclear. Rather, C57Bl/6J-NPYko mice in the current study were resistant to DIO. NPYko mice consumed less high-fat diet and had higher energy expenditure than wild-type mice. Furthermore, nocturnal feeding was blunted in NPYko mice. The latter is consistent with another study where NPYko mice bred on the 129 strain had reduced nocturnal intake and consumed less amounts of a highpalatable diet (29) . Thus, NPY appears to be essential for the circadian regulation of feeding and palatability cues (29) . Resistance to DIO in C57Bl/6J-NPYko mice in the current study was associated with increased expression of POMC and CRH in hypothalamus, which are key neuropeptides implicated in appetite suppression and thermogenesis (1, 30, 31) . Moreover, POMC and CRH increased in relation to adiposity in NPYko mice but fell in DIO wild-type mice. It has previously been reported that DIO in C57Bl/6J mice is associated with elevation of POMC levels in the hypothalamus (32) . Our results suggest that the leaner phenotype of NPYko mice is partly mediated by the anorexigenic action of POMC and CRH.
This study highlights the importance of genetic background in obesity, diabetes, and lipid abnormalities (12, 19, 26, 27) . While the C57Bl/6J strain is highly susceptible to hyperphagia, obesity, insulin resistance, and diabetes, the 129 strain commonly used for gene knockout experiments is resistant to obesity (33-35). As we had predicted, the orexigenic action of NPY became apparent in the C57Bl/6J strain, which is susceptible to obesity. NPY deficiency blunted hyperphagia and weight gain in fasted and DIO C57Bl/6J mice. We propose that NPY is an important component of the "thrifty genotype" that optimizes energy storage. During fasting, NPY is likely to act in concert with other hypothalamic peptides to decrease energy expenditure, stimulate appetite, and replenish energy storage. This adaptive response signaled, at least in part, through falling levels of leptin and insulin and may have evolved as a protection against the threat of starvation (1, 36) . On the other hand, NPY could predispose to obesity in genetically susceptible individuals by stimulating food intake and reducing energy expenditure when food is abundant.
